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An AlGaInP light-emitting diode ͑LED͒ with a Au/AuBe/SiO 2 /Si mirror substrate has been fabricated using wafer bonding. The bonded mirror-substrate LED is capable of emitting luminous intensity of 90 and 205 mcd under 20 and 50 mA injection, respectively. The emission wavelength was found to be independent of the injection current. This feature is attributed to the Si substrate providing a good heat sink. © 1999 American Institute of Physics. ͓S0003-6951͑99͒00346-0͔
Recently, extensive research on (Al x Ga 1Ϫx ) 0.5 In 0.5 P alloys lattice matched to GaAs substrates has been reported to generate devices that emit at shorter wavelengths. [1] [2] [3] However, the efficiency of these devices is limited by the absorbing GaAs substrate. This problem can be minimized by growing a distributed Bragg reflector ͑DBR͒ between the standard light-emitting-diode ͑LED͒ epitaxial layers and the absorbing substrate. 4, 5 Another approach is to replace the GaAs substrate with a GaP transparent substrate via wafer fusion. [6] [7] [8] The luminous efficiency can be increased by the first method, since the DBR will reflect light that is emitted or internally reflected in the direction of the absorbing substrate. However, the improvement is limited, because the DBR only reflects light that is of near-normal incidence. On the other hand, AlGaInP LEDs with wafer-fused GaP transparent substrates have been demonstrated to be highly reliable and efficient. [6] [7] [8] It is worth mentioning that the AlGaInP/GaP-fused process needs a high temperature ͑Ͻ600°C͒ and a long ͑у1 h͒ thermal anneal. This heat treatment might have the additional disadvantage of redistributing the doping profile. Moreover, an important step in this wafer-fusion process is to match the crystallographic orientations of the two wafers. This crystallographic alignment makes the LED operate at low voltage and high-powerconversion efficiency. 9 In this letter, a mirror-substrate ͑MS͒ AlGaInP/metal/ SiO 2 /Si LED fabricated by wafer-fused technology is reported. A metal-covered oxidized Si substrate was used instead of the DBR structure. Since the metal can reflect back the light to the LED, the efficiency of the device will be improved. In addition, the metal also serves as the adhesive to bond the Si substrate and LED epilayers. AuBe is generally used in AlGaInP LEDs to make Ohmic contacts to p-type material. In the present study, AuBe was used as the adhesive layer and mirror in the wafer-fused MS LED structure. The Si substrate supporting the metal improves the LED performance at high currents because the high thermal conductivity of Si facilitates heat removal.
The LEDs employed in this work were fabricated on temporary n ϩ -GaAs substrates by low-pressure metalorganic vapor-phase epitaxy ͑MOVPE͒. First, a DBR consisting of ten pairs of AlGaAs and GaAs layers ͑n type͒ was grown on the GaAs buffer layer deposited on the n ϩ -GaAs substrate. Next, a 0.7-m-thick n-͑Al 0.7 Ga 0.3 ͒ 0.5 In 0.5 P cladding layer, a 1.6-m-thick undoped ͑Al 0.3 Ga 0.7 ͒ 0.5 In 0.5 P active layer, and a 0.85-m-thick p-͑Al 0.7 Ga 0.3 ͒ 0.5 In 0.5 P cladding layer were grown onto the DBR. Finally, a very thin p ϩ -GaAs cap layer ͑about 0.05 m͒ was grown on top of the upper p-cladding layer as a contact layer. On the other hand, the metal mirror consisting of Au ͑150 nm͒/AuBe ͑100 nm͒ was thermally evaporated onto the oxidized 4 in. n-type ͑100͒-oriented ( ϳ5 -10 ⍀ cm) Si wafer. Both the mirror-substrate and LED ͑with absorbing substrate͒ structures are shown in Figs. 1͑a͒ and 1͑b͒, respectively. The mirror substrate was then fused to the LED structure using a graphite fixture, which provided a uniform uniaxial pressure of 0.3 N/cm 2 . The fusion process was performed at 300°C for 20 min in a N 2 ambient. Note that because of polycrystalline nature of metal no crystallographic alignment between the fused wafers is required. Following bonding, the GaAs substrate and DBR structure were removed by chemical etching. metal surface was exposed ͑for p-side contact͒. Au/AuGeNi dots with a diameter of 100 m were then deposited onto the n ϩ -GaAs contact layer and alloyed to form Ohmic contacts. The final AlGaInP/Au/AuBe/SiO 2 /Si LED structure is schematically shown in Fig. 1͑c͒ . For comparison, absorbingsubstrate LEDs fabricated from the same AlGaInP/DBR/ GaAs epitaxial material were also prepared as a reference. The LED samples using either mirror or absorbing substrates were diced into chips but not encapsulated before the electrical and optical measurements.
A successful sample of an about 2 cmϫ1.5 cm AlGaInP LED wafer fused on a Au/AuBe/SiO 2 /Si substrate is shown in Fig. 2 . It is expected that even larger areas can be obtained using this bonding process. No visible artifacts are present in this image. Instead, only a uniform dark-red color is observed, indicating uniformity. The perceived dark-red color is attributed to waves reflected from the ͑Al 0.3 Ga 0.7 ͒ 0.5 In 0.5 P LED active region.
In order to investigate the surface quality of the metal mirror after wafer fusion and contact formation, the fused epilayers were etched away. As shown in Fig. 3 , the reflectivity of the processed mirror exceeds 90% from 600 to 900 nm, proving that the metal serves as a high-reflectivity mirror at the LED emission wavelength. Moreover, the mechanical strength of the fused interface exceeds that required to withstand the chemical etching, Ohmic contact processing, and chip dicing. Figures 4͑a͒ and 4͑b͒ show the photomicrographs of unencapulated absorbing-and mirror-substrate AlGaInP LED chips, respectively. The extraction efficiency of the AlGaInP LED grown on GaAs with the DBR structure is limited, since the DBR will reflect light near normal incidence only. Light that differs from normal incidence by a significant amount is not reflected and passes to the substrate, where it is absorbed. Thus, the extraction efficiency was high only at the region of current injection ͑that is, the contact͒, and only 1 mcd luminous intensity could be obtained at 20 mA. Moreover, the luminous intensity decreased to 0.8 mcd at 50 mA due to the joule heating. Figure 4͑b͒ shows light appears to radiate evenly from the whole surface of the MS LED chip. The metal mirror can reflect both light that is emitted and internally reflected downwardly toward the mirror resulting in several bounces. Elimination of bulk absorption substantially improves the efficiency of the LED, which now emits 90 and 205 mcd under 20 and 50 mA injection, respectively.
Detailed relationships of the voltage and luminous intensity as a function of the pulse current ͑0.2 ms͒ for both types of LEDs are shown in Fig. 5 . For the reference LED, it was found that the voltage increased first and then saturated at higher injection currents. In the MS LEDs, the voltage increased monotonically with injection current. Furthermore, the luminous intensity of MS LEDs increased approximately linearly with the current and, compared to the reference LED, no evidence of sublinearity or saturation in intensity was observed. Si has 3.2 times higher thermal conductivity than GaAs, and thus provides a good heat sink. The increased thermal conductance decreases joule heating and increases the quantum efficiency of the LEDs. For the MS LED, the emission peak wavelength stays at about 620 nm up to the highest currents used. The joule-heating effect induced the peak-wavelength shift, d/dI, was less than 0.001 nm/mA for the MS LEDs, while a 0.18 nm/mA shift rate was observed in the reference LEDs. This observation further supports the hypothesis that LEDs with a Si host substrate would benefit from a reduction in junction heating. Moreover, the MS LEDs exhibit a normal p -n diode behavior with a forward voltage less than 2.0 V at 10 mA. Standard avalanche reverse breakdown occurs at ϳϪ35 V. These results indicate that the MS wafer fusion does not adversely affect the current-voltage characteristics of these devices.
In summary, high-brightness MS AlGaInP/Au/AuBe/ SiO 2 /Si LEDs have been fabricated by wafer bonding Si to GaAs at low temperatures and short duration. The emission from these MS AlGaInP LEDs exceeds those of the reference LEDs with DBRs fabricated on GaAs substrates by a factor of 90 at a forward current of 20 mA. In addition, the Si substrate provides 3.2 times better heat sink, eliminating the joule-heating-induced emission shift in conventional LEDs.
